INTRODUCTION
A problem fundamental to all electromagnetic methods of NDT is that of modeling accurately the changes in an applied field that are produced by a flaw. The structure of such fields depends significantly on two dimensionless numbers. The first of these is the ratio of the skin-depth 8 to the global length scale of the perturbed field, which is given by the crack dimension l. Many studies relate specifically to thin-skin fields where 8/l << 1 and the present study is also in this context. Within the classification of thin-skin fields, widely different surface distributions can arise depending on the value of the second parameter m=l!JlrO where llr is the relative magnetic permeability of the metal specimen [ 1 ] . Values of m vary from very small to very large depending on the material properties and the operating frequency. In the Wolfson Unit at University College London a great deal of work has been done at frequencies around 10 3 Hz on cracks in ferromagnetic steels where 11r is large enough to make m small. The limiting form of surface field obtained as m~ 0 is then the surface unfolded field [1, 2] . On the other hand, many other investigations have been carried out on non-magnetic materials where Jlr=1 so that m is large in thin-skin situations (e.g. Auld et al. [3] ) . In this case the algorithm for constructing the surface field around a flaw is based on a Born approximation which considers the surface field outside a surface-breaking crack to be unchanged by the presence of the flaw.
A form of applied field of particular interest is that produced by a uniform interrogating current directed broadside on to a crack edge. Solutions have been obtained in that case for a variety of crack shapes in the limit m~ 0 and m~ oo. The purpose of this paper is to report progress on the calculation of the fields for arbitrary values of m and to give preliminary experimental results which confirm the mathematical theory. These are designed to show how the distribution of a magnetic field above a surface crack varies with m. For the purpose of the present paper, a rectangular crack shape has been used.
MATHEMATICAL THEORY
The formulation of the problem for arbitrary values of m has been described by Lewis eta! [1] and will not be given in detail here. We consider a rectangular crack of length 2a and depth b at the plane surface of a specimen as shown in fig. 1 .
Axes Oxy are set in the plane surface so that the crack mouth is at y=z=O, lxl < a. Oz is the outward drawn normal to the specimen. The crack is interrogated by a uniform surface current in the-y direction and we are interested in finding the perturbations in the distributions of magnetic field H above the crack. This field is described in terms of the scalar potential 'lf (x,y,z) (2) where B(y) is the Dirac delta function and B is the skin depth, which is taken to be much smaller than the crack size. It is assumed that the permeability is a simple constant, independent of position and of the direction and strength of the magnetic field. The last assumption is reasonable because the field strengths used in NDE are always much less than the saturation field, so that one would expect the medium to be linear. Equation (2) is an equation of magnetic flux conservation in the metal surface. At points outside the crack edge the flux of B into the surface from above, which is represented by the third term on the left-hand side, is balanced by the spreading of the flux through the surface layer which is represented by the first two terms. The right-hand side represents the flux of B into the surface from the crack. This is written in terms of H.J..x), the surface value of H, on each crack face at the surface edge. The second term on the right-hand side allows for the effect of a small crack opening h on the assumption that H, and Hz will be constant across the gap. The terms on the right-hand side are non-zero only along the crack, i.e.
where lxl < a. The boundary condition in equation (2) links the free-space solution for \jf (x,y,z) to the surface H field on the crack face, lxl < a , -b < z < 0, y=O, which is represented by a plane Laplacian potential \jf 0 (x,z). Fig. 2 shows the boundary value problem on one face of the crack.
The solutions for \jf(x,y,z) and \jf 0 (x,z) are linked through the application of equation (2) along the edge AB, with (3) Here we define the parameter m=a!JlrO. It enters the problem through the equation (2) and it gives the ratio of the magnitude of the third to the first two terms on the left-hand side.
A solution of this mathematical problem has been obtained by making a Fourier integral representation for the perturbation term in \jf(x,y,z), so that where the first term represents the applied uniform field and with A Fourier series representation for 'I' 0 (x,z) satisfying the symmetry boundary condition shown in fig. 2 is
where Bi are a set of unknown coefficients to be found. A Fourier series representation for Hz0(x) then follows from equation (3) . When this is inserted into the non-local condition (2) a set of linear equations for Bi is obtained. We intend to publish details of the calculations in a subsequent paper. The field in the crack mouth for various values of m, a)for aspect ratio alb= 1, b )for aspect ratio alb= 10. Fig. 3(a) shows Fig. 3(b) shows the same function for a crack of aspect ratio alb= 10, showing that the dependence on m is weaker and also that H. 0 (x) is small away from the crack ends. In the limit of infinite aspect ratio, Hz0(x) is zero except at the crack ends and the model reduces to the one-dimensional model used in a.c.p.d [4] . 
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Fig . 4 shows the field component B, above an end of the crack. In spite of the fact that Hz 0 (x) increases with m, B, above the plate becomes smaller and it also tends to be concentrated more onto the line of the crack. It may be shown that, in the Born limit, one end of the crack acts as a source of flux and the other end acts as a sink but, as m decreases, the source and sink spread beyond the crack line in the y direction.
We have made similar calculations for a semi-elliptical crack, using plane elliptical coordinates and Mciver has developed a boundary element solution for a general crack shape [5] .
EXPERIMENTS
A rectangular notch 30 mm long, 15 mm deep and 0.8 mm wide was cut by electric discharge machining in the wide face of a mild steel block 200 mm long, 150 mm wide and 20 mm thick. The experimental arrangement by which the uniform interrogating field was induced in the block is illustrated in fig. 5 . The two inducing coils were placed along the sides, wound in opposite senses and wired in parallel. In this arrangement the block was in a ground plane, so that common mode interference was greatly reduced. At frequencies below 150kHz inducing coils with more than 400 turns were used to keep the current low and so prevent errors caused by the instrument ground rising above true ground. Spurious, non-reproducible peaks on the signal were observed around 1 MHz which were caused by coil resonance effects, perhaps due to interference from external sources. The resonances were removed by switching, for the high frequency measurements, to a second set of inducing coils which had only 20 turns.
The theoretical model, of course, predicts all three components of the magnetic field but in these experiments we chose to explore the x component since it is less sensitive to changes in the stand-off distance z than the other two components. Measurements of B"
were made with a small nylon-cored coil about 2 mm wide, 1.5 mm deep and 3 mm long. All electrical measurements were made using an Hewlett-Packard 4194A gain/phase analyser and the connections to the instrument are shown schematically in fig.5 . Measurements of gain and phase relative to the oscillator output were made over the centre of the notch and upstream of the notch on the block centre line in order to determine the strength of the uniform field. By varying the frequency, the parameter m was varied between m = 0.467 and m = 9.34, changing inducing coils at m = 2.56, corresponding to 150kHz. A separate measurement of the product j.t,.3 is also required so that m can be calculated and this was made by comparing surface electrical potential measurements with magnetic field values as described in an earlier paper [1] . The comparison between theory and experiment is shown in fig. 6 , with the point where the coils were changed shown by a small vertical line. For the real part, shown in fig.  6(a) , there is good agreement between theory and experiment. There is a slight tendency for the theory to underestimate the measurements but we attribute this to the difficulty in establishing a completely uniform field over a large region. There is a noticeable increase in the experimental scatter obtained with the low frequency coil as m approaches the changeover value, but measurements above this value made with the high frequency coil are less scattered and are also entirely consistent with those obtained from the first coil. The same general comments apply to the results for the imaginary part of the signal shown in fig. 6(b) . The tendency for the theory to underestimate the results is more pronounced in this case, but it should be observed that the signal is itself small and difficult to measure. The theory certainly correctly predicts the presence and scale of the imaginary part and its variation with m. 
CONCLUDING REMARKS
This work has given experimental confirmation of the predictions of a theoretical model of the electromagnetic field near a surface breaking crack for arbitrary values of the important parameter m, when the crack is interrogated with a thin-skin uniform field. In contrast with conventional eddy-current techniques we neither predicted nor measured changes in coil impedance. The model was used instead to predict the behaviour of the perturbation components of the magnetic field at a specified point in the region of the flaw. An important consequence of this approach, when seeking to apply the model for quantitative purposes, is that it is unnecessary to perform a separate calibration of the probe, as is usual in eddy-current methods. There, the magnetic field intensity of the probe per unit excitation of current is found by taking measurements against some reference flaw, such as a shallow cylindrical recess. In this work, on the other hand, the only separate measurement required is of J.l,.l>. It is worth while stressing that, as a consequence, there are no empirical or scaling factors involved in the comparisons shown in figures 6(a) and 6(b). The theory predicts values relative to the excitation field and the experimental results are in good agreement.
Finally, we turn to the question of applying this model and its predictions of magnetic field components to the problem of determining crack size from non-contacting measurements of the field. Some work is already in progress in this area at the unfolding limit m~ 0 and preliminary results are encouraging. We hope to report in detail in later publications.
Although, in principle, the arbitrary m model described here could be used for the same crack-sizing purposes, we see its role more as a link between the Born limit, m~ oo and the unfolding limit m~ 0 and of indicating the range of m over which those simpler models may be used to good approximation. Figure 6 (a) suggests, for example, that the Born limit is sensibly achieved form > 6.7 , at which value Bx has achieved 90% of its saturation value, while the unfolding limit would be restricted to values of m < 0.8, if Bxis to be within 10% of its unfolding limit prediction.
